The ability of the growth cones of sympathetic preganglionic neurons to recognize the neurons they encounter during their outgrowth and to react to them in a cell-type-specific manner may play a role in guiding them to appropriate targets during development in viva. In this study, we examined the in vitro growth of sympathetic preganglionic neurons as they interacted with motor neurons, dorsal root ganglion neurons, and sympathetic ganglion neurons. All of these cell types might potentially be encountered by a growing preganglionic axon. The interaction of sympathetic preganglionic growth cones with each cell type was distinct. Sympathetic preganglionic growth cones fasciculated on motor-neuron neurites, collapsed after contact with the cell bodies and neurites of dorsal root ganglion neurons, and grew across the cell bodies and neurites of sympathetic ganglion neurons. These cell-type-specific responses stand in contrast to the collapse and retraction reported to be the most common growthcone behaviors that result from contact between central and peripheral neurons in vitro and suggest that contact-mediated recognition might be sufficient for growth to and interaction with appropriate targets.
Studies in several developing systems have demonstrated that the interactions between active growth cones and particular cells along their pathway can play a critical role in guiding axons to their target. The most detailed studies of cellular interactions between growing axons and cells along their path have been made in insect larvae (for a review, see Bastiani et al., 1985) , but a study of similar elegance has recently been made for one class of neurons in a simple vertebrate CNS (Kuwada, 1986) . These studies have emphasized contact-directed growth and specific fasciculation, but recent studies have demonstrated that growth cones can show cell-specific avoidance (Kapfhammer et al., 1986; Kapfhammer and Raper, 1987a, b) . In higher vertebrates, the number of cell types a growing axon in the CNS might encounter is large, which greatly complicates such studies.
In contrast, only a limited number of cell types are present in the region where sympathetic preganglionic neurons make an important choice during their growth. During development, these preganglionic neurons, like motor neurons, send their axons from the spinal cord to the periphery through the ventral roots.
However, at about the point that dorsal root ganglion axons converge on the ventral root to form the mixed spinal nerve, the preganglionic axons turn ventrally to enter the sympathetic chain, rather than continuing in the mixed nerve. The goal of this study was to characterize the way that growth ofpreganglionic axons is changed by contact with cells ofdefined types. All of the cell types that were examined might normally be encountered by a growing preganglionic axon in vivo. In particular, we examined the interaction ofpreganglionic neurons with motor neurons (MNs), dorsal root ganglia (DRG) neurons, and sympathetic neurons. The results of Kapfhammer and Raper (1987a, b) suggested one possible outcome of these experiments. Based on in vitro studies of the interaction between neurites of several different types of cells, they suggested that CNS and PNS neurons bear surface markers that serve as distinct "labels." Their basic observation was that when a cell of one type (e.g., CNS) encountered a cell of the other type (PNS), its growth cone collapsed and grew elsewhere. However, if it encountered a cell of the same type, it grew freely across it. Based on this "2-label" hypothesis, the most common growth-cone behavior to expect after contact between preganglionic neurons and DRG or sympathetic neurons is collapse and retraction, because the preganglionic cell is of CNS origin and the sympathetic ganglion (SYM) and DRG cells are of PNS origin. By the same logic, the predicted growth-cone behavior during the preganglionic-MN interaction is crossing, because these cells are both of CNS origin. However, because the combinations of cells previously studied never encounter each other in vivo, many key interactions that contribute to the specificity of growth may have been missing. This is a particularly important point because it is clear that even subtly different parts of the CNS, such as temporal and nasal portions of the retina, can respond to the same cues in very different ways (Walter et al., 1987) .
Materials and Methods
The preganglionic neurons were retrogradely labeled in stage-30 chick embryos by injecting l-l '-dioctadecyl-3-3-3'-3'-tetramethyiindocarbocyanine perchlorate (DiI) into the SYM and allowina sufficient time for the dye to spread retiogridely before plating the cells (Honig and Hume, 1986) . We used stage-30 embryos because the migration of the preganglionic cell bodies from the ventrolateral aspect of the spinal cord to the column of Temi is almost complete at this time (Levi-Montalcini, 1950; Oppenheim et al., 1982) . This migration of the preganglionic cell bodies allows us to distinguish between preganglionic neurons and MNs based on their location in the spinal cord. To avoid the possibility of including DiI-labeled MNs, the medial portion of both sides ofthe spinal cord (containing the cell bodies of the preganglionic neurons) was dissected free from the lateral portion of the spinal cord (containing the cell bodies of the MNs). The spinal cord tissue containing labeled preganglionic neurons was placed in F12 (Gibco Co.) with 4% BSA. This spinal cord tissue was then cut into very small pieces to be plated as explants in modified tissue-culture dishes (modification and media as described in Honig and Hume, 1986 ) on a polyomithine/laminin substratum. Dishes were first coated with polyomithine (0.1 mg/ml distilled water). After 24 hr, the dishes were rinsed with distilled water and allowed to air dry. Prior to coating with laminin (25 pg/rnl PBS), the dishes were sterilized under ultraviolet light. After the laminin solution had covered the dishes for at least 3 hr, the solution was replaced by medium containing 5% heat inactivated horse serum. This medium remained on the dishes until cells were plated.
MNs were retrogradely labeled in stage-30 embryos by injecting 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) in the ventral roots. The ventrolateral aspect of the spinal cord with labeled MNs was dissected and prepared for plating as explants in the same manner as the preganglionic explants. The SYMs were removed from stage-35 embryos and the DRGs were removed from stage-35-37 embryos. These stages were selected because, at earlier ages, it was difficult to cleanly dissect thoracic SYMs away from the ribs. The DRGs and SYMs were dissociated separately to single cells and then labeled with DiO after dissociation (Honig and Hume, 1986) . Before final plating, the cells were preplated for 1 hr in uncoated tissue-culture dishes to reduce the number of non-neuronal cells, then resuspended. We used both thoracic and lumbar ganglia and noticed no difference among them, so all data were combined.
To confirm the observations of Kapfiammer and Raper (1987a, b) , the retina was removed from stage-30 chick embryos. A strip of retina from the temporal side of the optic disk was dissected and prepared for plating in a manner similar to the preganglionic explants. To study interactions between retinal ganglion cells and sympathetic cells, dissociated SYM cells were added to the culture dish 24 or 48 hr after the explants were plated, and the dish was returned to the incubator for 1 hr before observations were begun.
To study interactions between preganglionic neurons and MNs explants of both types were plated simultaneously in the same dishes 24 or 48 hr before observations were to be made. To enhance the survival and growth of MNs, the normal medium was supplemented with 50% muscle-conditioned medium. To study interactions between preganglionic neurons and SYM or DRG neurons, the dissociated SYM or DRG neurons were added to the dishes containing preganglionic explants 24, 48, or 72 hr after the explants were plated. The dishes were then returned to the incubator for 1 hr before observations were begun.
Observations were made using a Zeiss IM inverted microscope modified to allow the stage, tissue-culture dish, and objective lenses to be maintained at 37°C ( f 0.1 "C). Video images were acquired using a Dage-MT1 SIT camera, enhanced using a computer digital image processing system (Image-1, Universal Imaging Corp.), and stored on video cassette for analysis using the same computer software. Immediately prior to observation, the tissue-culture dish was completely filled by adding normal media and 20 mM HEPES (pH, 7.4), and a large coverslip was placed on top to seal the dish and prevent evaporation. Growth cones of specific labeled cell types were identified initially under brief fluorescent illumination, then observed under halogen illumination. Green (Nikon green interference filter 85972) and yellow (Rosco "medium straw" theatrical acetate gel) filters were placed between the halogen light source and the specimen to prevent phototoxicity.
Only the initial interactions between a preganglionic growth cone and a specific cell or cell process were included in the data presented in Table 1 . The coordinates of each growth cone and 2 reference points were recorded from the videotape at 5-min intervals. The growth-cone coordinates were corrected for any change in reference-point coordinates and used to calculate distance grown. Several growth cones were tracked at 1 -min intervals to assure that 5-min interval tracking did not introduce any sampling error. The distance grown was plotted versus time, with markers indicating when growth cone-neurite contact occurred. Based on our observations, we divided growth-cone behavior into the following categories: collapse, a resorption of both the lamellipodia and at least a majority, if not all, the filopodia coincident with the cessation of forward growth; fasciculation, a turn to grow for at least 15 pm on the process of another cell; grow across, self evident; other, growth-cone behaviors that include characteristics of 2 or more of the other defined behaviors.
Results
Labeled neurons were identified by brief illumination using the appropriate fluorescence filters. The growth of their neurites was made. When a preganglionic growth cone contacted a sympathetic neurite, the growth cone always grew across the neurite, though it sometimes transiently slowed. More than % of the preganglionic growth cones that contacted an MN process fasciculated on the process; most of the rest grew across. Almost all the preganglionic growth cones that contacted DRG neurons collapsed. The behaviors of the growth cones of the 3 other cell types after contact with neurites ofpreganglionic neurons were often not the same as when the growth cone of a preganglionic neuron contacted them.
then followed using phase-contrast microscopy. Identified neurons of all types grew for at least 6 hr under the conditions described above, with continuous illumination from the halogen lamp, as long as the green and yellow filters were in the light path. The green filter alone was necessary for prolonged neurite outgrowth if the cells were not labeled with any dye. The yellow filter and the green filter were both necessary for continuous growth ofcells labeled with DiI. The growth rate ofpreganglionic neurites from explants averaged 42.7 k 0.24 pm/hr (mean + SEM). There was no difference between the growth rate of preganglionic neurites from explants and those in dissociated cell culture (40.7 f 0.18 pm/hr). In co-cultures, preganglionic neurites were never observed to turn toward or away from any neuronal cell type before any contact had occurred.
Before studying the interactions of preganglionic neurites with other cells, we wanted to verify that our growth conditions were similar to those previously used by others. Observations of retinal growth cones contacting SYM cell processes confirmed the growth-cone behavior previously reported by Kapfhammer and Raper (1987b) . In all 5 cases observed, retinal ganglion cell growth cones collapsed after their initial contact with SYM neurons.
The interactions of preganglionic growth cones with DRG neurons were similar to those observed for retinal neurites interacting with SYM cells. In all but 1 case, the preganglionic growth cones collapsed when they encountered a DRG neurite (Table 1, Fig. 1 ). This collapse behavior did not appear to be related to the angle at which the growth cone approached the DRG cell (range: for collapse 28-90"; for crossing, 76"). In the 5 cases where the preganglionic growth cone was observed after it had collapsed and retracted, a growth cone eventually reformed, and when it contacted the same DRG neurite again, it collapsed and retracted. However, only the growth-cone behavior after initial contact was included in the data presented in Table 1 .
The behavior of preganglionic neurites when contacting MNs was quite different. In the majority (79%) of the interactions where a preganglionic growth cone encountered the neurite of an MN, the preganglionic growth cone turned and grew along the MN neurite (Table 1, Fig. 2) . The preganglionic growth cones grew at the about the same rate before (27.1 k 1.2 pm/hr) and while fasciculating on the MN neurite (30.0 + 0.47 rm/hr). It should be noted that the rate of axon outgrowth from preganglionic neurons grown in muscle-conditioned medium was somewhat slower than in normal medium (presumably due to the higher serum concentration). In 3 cases, there was a long delay (l-5 min) between the initial contact and when the preganglionic growth cone turned and grew along the MN neurite, but these contacts were still scored as fasciculation. In a few instances (3 of 19), the preganglionic growth cone continued to grow across the MN process without any change in growth rate or morphology. In one case, a preganglionic growth cone crossed an MN neurite at an acute angle, and though the main body of the growth cone continued to grow for approximately 40-50 Mm past the neurite, filopodial contact with the neurite was maintained. The result was that the growth cone dragged the MN neurite behind it (this interaction was scored as other). This behavior was somewhat similar to the parallel growth of sensory-neuron growth cones after contact with other sensory neurites in vitro observed by Honig and Burden (1989) . There was no clear relationship between growth-cone behavior and the angle at which the preganglionic growth cone contacted the MN process (range: for fasciculation, 26-79"; for crossing, 63-88"). However, it is potentially interesting that 2 ofthe 3 preganglionic growth cones that grew across MN neurites approached the neurite at close to 90" (87", 88").
In preganglionic-sympathetic ganglion co-cultures, when preganglionic growth cones encountered the cell bodies and/or processes of SYM neurons, they always crossed them, though the rate of growth often transiently slowed (Table 1, Fig 3) . Preganglionic growth cones crossed sympathetic neurites regardless of the angle at which the growth cone contacted the neurite (range, 26-85"). In all 3 instances where a preganglionic growth cone contacted a second neurite of a cell it had already contacted, the growth cone did not transiently slow as it did when it contacted the first neurite (Fig. 4) . Preganglionic growth cones were never observed to collapse or retract after contact with a SYM neuron.
We also studied a number of interactions where the growth cones of the other 3 cell types contacted neurites of preganglionic neurons. Quite unexpectedly, these reciprocal interactions were not always symmetrical. For instance, preganglionic growth cones typically fasciculated on the neurites of MNs, but MN growth cones typically crossed preganglionic net&es. Furthermore, the reciprocal interactions were not as consistent as the interactions of preganglionic growth cones (Table 1 ). In general, the reciprocal interactions were consistent with the observations of Kaplhammer and Raper (1987b) ; the predominant growth-cone behavior after contact with a neurite bearing a label unlike its own (peripheral vs central) was collapse and retraction, while the predominant growth-cone behavior after contact with a neurite bearing a label similar to its own (central vs central) was crossing.
Discussion
In this study, we examined the in vitro growth of neuxites from an identified type of CNS cell, sympathetic preganglionic neurons, as they interacted with 3 different cell types that they might normally encounter in viva during development. Their interaction with each cell type was distinct. Preganglionic growth cones fasciculated on MN net&es, collapsed after contact with DRG neurons, and grew across SYM neurons. Time-lapse microscopy studies have shown that different neurons from chick embryos can respond in cell-specific ways to the same extracellular matrix molecules (Caroni and Schwab, 1988) and to molecules on the cell surfaces of other neurons (Raper and Kapfhammer, 1990) . All these results suggest that neurons respond in a cell-type-specific manner to environmental signals.
After a preganglionic neuron initiates outgrowth in vivo, it sends its axon out a ventral root of the spinal cord. Unfortunately, the details as to which cells a growing preganglionic neuron encounters in the spinal cord and during its growth to the periphery are not known. It is generally thought that, during development, the axons of MNs are the first processes to grow out of the spinal cord and form the ventral root, with preganglionic axons following some time later (Levi-Montalcini, 1950; Yip, 1987) . This timing is consistent with the possibility that the preganglionic axons use the MN axons as guidance cues. We assume that, in vitro, the preganglionic process that leaves an explant is the axon, and we make the same assumption for the MN process that leaves its corresponding explant. Therefore, if the MN axon is used as a pathway in vivo, then it is not unreasonable to expect that the preganglionic growth cone might fasciculate on an MN neurite in vitro. This idea is supported by the observations made in this study. The possibility that the preganglionic growth cones fasciculate on MNs because the MN axon presents a more favorable substratum for growth of preganglionic axons than does the laminin substratum cannot be ruled out. However, if this were the case, one might have expected the preganglionic neurite to grow at a different rate when its growth cone was on an MN axon. This was not the case for the preganglionic growth cones observed in this study.
Once they have exited the spinal cord through the ventral root, the preganglionic axons turn ventrally and leave the ventral root to enter a SYM at or near the point where the DRG axons join the ventral root to become the spinal nerve. This anatomical relationship suggests the possibility that, during development, a preganglionic axon might gain some positional information from DRG axons. For instance, contact with a DRG axon might indicate that the preganglionic growth cone either should turn or has "missed its turn." However, it has previously been demonstrated that specific contact with DRG cells might not be necessary for the preganglionic growth cones to locate the appropriate area of their target. Following removal of the neural crest, including presumptive sympathetic neurons and DRG cells, some of the developing preganglionic cell axons are still able to grow out of the spinal cord to the area that would have been occupied by the sympathetic cells (Yip, 1987) . This suggests that the DRG cells do not play an essential role in guiding the preganglionic growth cones. It is possible that the DRG cells serve as one of several guidance cues. Because of redundancy of cues, the deletion of any one cue might not significantly affect the ability of a growth cone to find its appropriate target area. In evaluating the potential role of DRG axons in guiding preganglionic growth cones, it should be noted we confronted Stage-30-32 preganglionic neurons with slightly older DRG neurons. The choice of stages was dictated by our need to be able to unequivocally identify the cell types. The details of the in vivo timing of this pathway choice are not known, but for many of the preganglionic axons, the decision to leave the ventral root must be made prior to stage 30, because preganglionic cell bodies can be retrogradely labeled via their projections to the SYMs at this stage (see also Yip, 1987) . If the interactions we have studied in vitro are relevant to normal development, then the set of molecules used in this recognition process must be retained on cells for a period of time beyond when they are normally used. It seems that an important next step in evaluating the role of DRG axons in guiding preganglionic growth cones will be to determine the exact anatomical relationship between preganglionic axons and DRG axons during different stages of in vivo development.
Once preganglionic axons have left the ventral root and entered the sympathetic chain, each axon projects to and synapses with many SYM neurons in vivo (Lichtman et al., 1980) . Our observation that preganglionic growth cones continued to grow across sympathetic neuron processes, though the growth cones transiently slowed, is consistent with the idea that the preganglionic growth cone is intrinsically capable of recognizing its appropriate target cell type and that it also has the ability to continue its growth in order to synapse with more than one sympathetic cell. We know that, in this culture system, preganglionic neurons can form functional synapses onto ganglion neurons, but only at a small proportion of the physical sites of contact (Hume and Honig, 1987) . Kapfhammer and Raper (1987a, b) suggested that at least 2 labels exist on growing axons, one associated with CNS neurons and one associated with PNS neurons. These labels were purported to be involved in a contact inhibition of the growth cone when it encounters a neurite bearing a label unlike its own. Such labels have been postulated to be important in both pathfinding and target recognition. Several groups have recently characterized molecules that may be the signal triggering this contact inhibition (Cox et al., 1990; Davies et al., 1990, Raper and Kapfhammer, 1990) . The studies suggesting this 2-label hypothesis were limited in that the tissue types tested would not normally contact each other in vivo. Our observation that when a preganglionic growth cone contacts a DRG neurite in vitro, it collapses and retracts, is consistent with the simple 2-label hypothesis. However, the lack of collapse of preganglionic growth cones after contact with sympathetic neurons argues strongly against the existence of a single "peripheral" label, because sympathetic neurons are of the same embryological origin as DRG cells, and their cell bodies and processes are exclusively peripheral. Furthermore, our results also suggest that target recognition may not require growth-cone collapse, because the preganglionic neurons commonly interacted with their target SYM cells by transiently slowing, then continuing to grow without any sign of collapse. The complexity of interaction among growth cones in even a simple system is exemplified by our observations of interactions of the growth cones of the other neuronal cell types with the neurites of preganglionic neurons. We found that 2 pairs of interactions between growth cones and axons were nonsymmetrical: (1) preganglionic growth cones crossed SYM-neuron axons, but SYM-neuron growth cones collapsed after contact with preganglionic axons; and (2) preganglionic growth cones fasciculated on MN axons, but MN growth cones crossed preganglionic axons. One possible explanation of these results is that there is a hierarchy of labels. In the absence of any specific target or pathway cues (as when one observes encounters in vitro between cells that do not normally contact each other), a system ofcentral and peripheral labels would come into play, but during development, these general cues might be superseded by more specific pathway or target cues. In regard to this idea, it is interesting that the 2 interactions that seem almost certain to occur during normal development (preganglionic-MN and preganglionic-SYM neuron) are the ones that are not in accord with the predictions of the 2-label hypothesis. Perhaps in these cases, preganglionic growth cones recognize specific labels on the MN axons and SYM neurons that take precedence over the more general cues. However, at present we have no direct evidence for such a hierarchy.
The failure of MN growth cones to fasciculate on preganglionic axons has direct implications for the mechanism that allows preganglionic growth cones to fasciculate on motor axons. Clearly, a simple model in which one cell expresses an adhesion molecule over its cell surface and the other expresses a receptor for that molecule cannot apply, because this would produce fasciculation regardless of which neuron initiated the contact.
One possible model that could explain our observations is that the recognition is not based on adhesion. A second is that only a portion of each cell expresses the appropriate adhesive molecules. For instance, if the adhesion molecule were restricted to the growth cone of preganglionic neurons and the receptor restricted to the trailing axon of MN axons, then preganglionic growth cones could recognize and fasciculate on MN axons, but MN growth cones would grow across preganglionic axons.
In this study, we have examined, in vitro, the growth of neurites from an identified type of CNS cell, sympathetic preganglionic neurons, as they interacted with 3 different cell types that might normally be encountered in vivo during development. Their interaction with each cell type was distinct. The consistent cell-type-specific behaviors of these preganglionic growth cones suggest that contact-mediated recognition might be sufficient for growth to and interaction with appropriate targets. We do not mean to imply that the results presented here are indicative of the only cues, but our observations strongly suggest that not only active avoidance but also active recognition play roles in growth cone navigation in this portion of the developing chick nervous system.
